The First G-APD Cherenkov Telescope (FACT) is the first operational telescope of its kind, employing a camera equipped with silicon photon detectors (G-APD aka. SiPM). SiPMs have a high photon detection efficiency (PDE), while being more robust to bright light conditions than the commonly used photo-multiplier tubes. This technology has allowed us to increase the duty cycle beyond that of the current generation of imaging air Cherenkov telescopes. During the last four years, the operation of FACT has proven that SiPMs are a suitable photon detectors for an application in the field of ground-based gamma-ray astronomy. Nevertheless, it has been argued that crosstalk, after-pulses and dark counts are the main drawback of SiPMs, as these effects produce photon-like signals that would add up the signal background. Consequently, it is necessary to understand their impact on the analysis of data from FACT. In this contribution, we will show the current status of a study about the influence of different settings of crosstalk and dark counts on the performance of FACT. For that purpose, Monte Carlo simulations are used and compared to the actual data from the SiPM camera of FACT.
Introduction
The camera of the first G-APD Cherenkov Telescope (FACT) is equipped with 1440 pixels, each a silicon photo multiplier (SiPM). During the last four years, the FACT collaboration has demonstrated the successful application of silicon photon detectors (G-APDs aka. SiPMs) to imaging atmospheric Cherenkov telescopes (IACTs) [1] .
In the past, optical crosstalk, after-pulses and dark counts were considered to be the main drawback of SiPMs. FACT has been able to show, that these effects have a minor influence on the data of an IACT. This is discussed in more detail in [2] .
In the last two years, the FACT collaboration has made a lot of progress in bringing data and Monte Carlo simulations in agreement. Recent comparisons of data and simulation on raw data and image parameter level, indicate that the properties of the FACT camera are well represented by the simulation. This allows for simulating different settings of the SiPM's crosstalk probability and dark count, in order to investigate their impact on the data analysis chain of FACT in more detail.
The Sensors The FACT camera detects photons by use of SiPMs (type: Hamamatsu MPPC S10362-33-50C). These semiconductor detectors consist of several Geiger-mode avalanche diodes (G-APDs) that are operated above their breakdown voltage. An incoming photon induces a complete discharge of the affected diode and produces a well defined signal waveform. Each diode is capable of detecting a single photon. The resulting signal of a whole SiPM is a superposition of the individual G-APD signals. The number of detected photons (hereafter called photon charge) can consequently be determined from the multiplicity of single photon signals.
However, there are certain phenomena that add up the signal background. For example, optical crosstalk and dark counts produce avalanches that are mostly indistinguishable from photon induced signals. Dark counts are avalanches that inherit from thermal excitation of electron-hole pairs in the semiconductor material. This process causes a uniformly distributed occurrence of avalanches in G-APDs in time. Each of these avalanche processes actually emits a random number photons itself. These photons can reach neighboring G-APDs and may trigger additional avalanches there. This effect is known as optical crosstalk and can be considered in coincidence with the breakdown in the first diode. Accordingly, the resulting signal shows an exaggerated photon multiplicity concerning incoming photons. This may cause a systematic bias on the photon charge extraction [1, 3] .
The SiPMs used by FACT, show a crosstalk probability of ≈ 13 % and a dark count rate of a few MHz. The night-sky background rate, in turn, can variate from tens of MHz up to more than 10 GHz during full moon. Compared to this rate the dark count rate is negligible [1, 2] .
In order to investigate the impact of different properties for dark counts and crosstalk, simulations of γ-ray induced showers were used in combination with the simulation of the FACT system (Reflector and Camera). A brief overview of this simulation chain is given in the following section.
Simulation
The basis of this study is a simulation of N 0 ≈ 12 · 10 6 gamma showers, which are simulated in an energy range of E = [200 GeV, 50 TeV] with a spectral index of Γ = −2.7. The night-sky background is simulated with a rate of 22 MHz. The showers are simulated with the extensive air shower simulation CORSIKA [4] . Afterwards, the simulated showers are fed into the reflector and camera simulation CERES, which was developed for the simulation of FACT. CERES is part of the ROOT based framework MARS CHEOBS [5] . Among the simulation of e.g. reflector, trigger and readout electronics, a dedicated simulation of the SiPMs and their properties is implemented. Developments in CERES are constantly verified by comparison with actual data, yielding a well fitting match of data and Monte Carlo simulations, as presented in the following.
Comparison of Data and Monte Carlo
Through the use of dedicated calibration runs, which are taken with a closed lid and a random trigger of 25 Hz, a photon charge spectrum of dark count signals can be generated (see Figure  1 , black curve). The black distribution shows the extracted charges, which are determined by integration over a fixed window of 15 ns of a candidate pulse. The spectrum is mostly influenced by dark counts, after-pulses and crosstalk events. Comparing its morphology allows for verifying a proper simulation of these effects. Variations of the extracted charge, mostly, due to afterpulses and electronic noise, as well as, gain differences of single G-APD cells, fold into the width of the peaks. Each peak represents a multiplicity of coincident breakdowns. Crosstalk can be identified by the slope of the amplitudes of the peaks with different photon multiplicity [2] . Examples for the spectrum of charges extracted from events induced by dark counts in combination with crosstalk and after-pulses, in the absence of night-sky background photons. The comparison of a simulated spectrum (left, red curve) and an example spectrum from data (left, black curve) shows a good agreement. The total area under the curve is scaled to one. An additional peak from artifacts of the readout electronics is visible in the data at about 100 · 0.5 ns · mV. These artifacts are not simulated and therefor not visible in the red distribution. The effect of different simulations of the crosstalk probability to the morphology of the spectra is displayed in the right picture. All four spectra were simulated with the same dark count rate of 5 MHz.
A simulated dark count spectrum is depicted by the red distribution in Figure 1 (left plot). The distributions of data and simulated events are in good agreement. The additional peak in the data at about 100 · 0.5 ns · mV originates from artifacts of the readout electronics that are not simulated. Consequently, a correct simulation of the SiPM's properties can be considered.
For the following study of dark counts and crosstalk, their properties are variated separately in the simulation. The simulated conditions were chosen to be approximatively in the range of current generation SiPMs. The dark count rate is varied between 100 kHz and 10 MHz. Crosstalk is simulated from 1 % to 30 %. An example for the impact of different crosstalk probabilities to the dark count spectrum is given in Figure 1 . The change of the slope of the peak heights is rising with the simulated crosstalk probability.
Impact on the Analysis Chain
The study presented here was performed using the analysis framework FACT-Tools [6, 7] , which features the processing of raw data e.g. in (compressed) Fits format [8] up to the parameterization of the shower image by use of i.e. Hillas parameters. The behavior of certain analysis steps depending on the properties described in section 3, will be discussed, by focusing on the photon charge extraction, the image cleaning and the distribution of exemplary image parameters. In case of the image cleaning, the cleaning levels were fixed to the same values for all simulated properties.
Photon Charge Extraction The extraction of the photon charge is performed with the already mentioned extraction algorithm [2] . Extracted signals are normalized by the charge of a single avalanche and measured in photon equivalents (p.e.). The performance of the charge extractor is determined by computation of the relative divergence C div of simulated photon charge C sim and extracted photon charge C extr , given by
With the distribution of C div for certain quantities of C sim , we determine the bias and resolution of the extractor from the distribution's mean and standard deviation. As shown in Figure 2 , different crosstalk probabilities seem to have a minor effect on the extractions performance. The bias of all four settings does not deviate by more than 2 %. Only in the regime of 0 p.e. to 10 p.e., significant deviations are visible. This can be explained by an extraction of dark counts and night-sky background photons with increased charge due to crosstalk. The resolution is mostly influenced in the low p.e. regime, since high crosstalk probabilities increase the rate of accidentally extracted background photons. Above ≈ 50 p.e. the difference in resolution is negligible.
True photon charge / p.e. The simulation of different dark count rates shows comparable results (see figure 3 ). Again the bias is mostly affected for low photon quantities, which again can be explained by accidental extraction of noise photons. Above 10 p e no significant influence of the dark count rate is visible. Nevertheless, decreasing the dark count rate to ≈ 100 kHz would improve the resolution below 50 p.e. Above this quantity the differences in resolution are negligible. Cleaning The current analysis features a two level time-neighbor-cleaning. A cluster of pixels is identified as shower if the core pixels contain more than 5.5. p.e. while the neighboring pixels contain at least 3 p.e. The time difference of neighboring pixels is restricted to be less than 5 ns. Equation 4.1 is used to determine the divergence of the number of pixels with Cherenkov photons (Monte Carlo truth) to the extracted number of shower pixels. With these values, the bias and the resolution of the cleaning algorithm are computed. Figure 4 and 5 show the performance of the cleaning algorithm. Bias and resolution are clearly depending on the crosstalk probability, as presented in Figure 4 . With less crosstalk, fewer pixels are capable of exceeding the cleaning levels. Consequently the bias is lower for a decreased crosstalk probability. Below 10 % crosstalk probability, the gain of performance is negligible within the uncertainties. As depicted in Figure 5 , a reduction of the dark count rate leads to a reduction of the cleaning bias. Especially the bias of small showers (less than 10 pixels) can be reduced. The same accounts for the resolution of the cleaning algorithm. Between a dark count rate of 100 kHz and 10 MHz the resolution for small showers can be improved by ≈ 5 %. In turn, the classification of pixels in large showers shows no significant improvement. Image parameters The influence on the parameterization of the shower images is discussed, by the example of the shower length distribution (Length). The according distributions for crosstalk and dark counts are displayed in Figure 6 . Large crosstalk probabilities cause the Length distribution to be washed out. More background photons contribute to the shower image and less showers survive the cleaning. This is also an effect of the fixed cleaning levels. With decreasing crosstalk, the distribution gets more distinct. Nevertheless, the improvement between 10 % and 1 % crosstalk is small. With a crosstalk probability of 10 % the trigger rate is the highest, since the current cleaning was tuned on data with a comparable crosstalk probability. For the dark count rate, no hint for a dependency of Length and the simulated rates was found. In the course of this study, also other image parameters were investigated e.g. Width and Area. They affirm the effects registered for the Length.
Energy Distribution The distribution of the Monte Carlo energy after image cleaning is depicted in Figure 7 . The variation of the dark count rate shows no impact on the remaining energy distribution, since the distribution of random photons is dominated by the night-sky background rate. However, crosstalk shows a clear impact. An increasing crosstalk causes more showers to be discarded by the cleaning. This lowers the trigger rate after cleaning significantly. At the same time, relatively more showers with small energies survive the cleaning and the threshold seems to be shifted to lower energies. However, less noise photons are cleaned and distort the reconstructed image parameters. This, for example, corrupts the energy reconstruction of the affected showers, since misclassified shower pixels cause a bias on the energy reconstruction and impair its resolution. Figure 7 : Monte Carlo energy distribution of simulated gamma events after image cleaning, with variation of the crosstalk probability (left) and the dark count rate (DCR, right). All distributions inherit from the same simulated observation time. The cleaning levels were fixed to the same values for all simulated properties. For large crosstalk probabilities more showers with smaller energies can survive the cleaning, but less showers are triggered. Therefore the energy threshold seems to be shifted to lower energies, while the energy reconstruction is corrupted by noise photons.
Conclusion
The properties of the SiPMs used for FACT already show a very good performance in data analysis. The bias of photon charge extraction and image cleaning is ≈ 10 %. Regarding the SiPMs used in FACT and the current generation of devices, the bias and the resolution of the shower reconstruction are promising to differ by only a few percent. Larger differences are only seen in the range of faint pixels (below 10 p.e.). With the simulated settings and the used cleaning levels, a significant impact on the examined image parameters and the energy distribution, was only registered for variations of the crosstalk probability. This effect was determined to be rather small for low crosstalk probabilities below 10 %, where the SiPMs of FACT are operating, but large for high crosstalk probabilities.
Improvements of the SiPM's dark count and crosstalk behavior will mainly affect the extraction of pixels with small p.e. The benefit will be a gain of precision in the classification of small showers and the classification of edge pixels. This will allow for lowering the levels for the image cleaning, which will also lower the energy threshold of the detector. Thus, a modification of cleaning levels will be considered in a follow-up study to the presented work. A further investigation of the impact of crosstalk regarding the energy reconstruction is in preparation.
